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Abstract 
A new correlation of dynamic viscosity of pure cyclohexane is proposed. The representation is developed by making use of the 
best available experimental data subsequent to a critical and comprehensive analysis performed. On the basis of the methods of 
measurement as well as the extent of agreement, 25 out of 49 data sets have been selected as primary data which are utilized in 
developing the correlation. As a function of fluid density and temperature, the representative equation encompasses three 
contributions which include zero density correlation and initial density dependence based upon empirical approach and 
Rainwater-Friend theory. Higher density contribution of residual viscosity in the representation is formed through customary 
practice of power series expansion in the density and in the reciprocal reduced temperature. 
Accuracy of the formulation varies according to thermodynamic states from 323 to 623 K in the limit of zero density 
where it performs best with the estimated uncertainties of less than 1%. In the vapour region from 273 to 873 K, the deviation 
is approximately 3% while in the liquid region the deviation is about 3.6% for the range 280-673 K up to 110 MPa. The overall 
correlation fits the primary experimental viscosities well with an average absolute deviation (AAD) and maximum absolute 
deviation (MAD) of better than 2% and 4% respectively. As for the secondary data which are used for comparison only, the 
deviations are higher where AAD is up to 27% and MAD 35%. 
 
Introduction  
The viscosity of hydrocarbon fluids under elevated pressure conditions is an important transport property to use in predicting 
the movement or mobility of oils and reservoir fluids in the petroleum reservoirs as well as in the design of oil processing 
equipments. (Riazi, et al., 2005;Baltatu, et al., 1999). In spite of the fact that there are plenty of experimentally measured pure 
species viscosity data available in the literature, not all of them agree with each other. It is thus of considerable importance to 
have a good correlation that will provide sufficiently reliable estimates for that particular species.  
Furthermore, prediction of mixture viscosity is based on pure components. Several predictive schemes for mixtures 
exploit accurate correlations of empirically determined pure fluid viscosities (Caudwell, et al., 2009) which are then adopted as 
input parameters in establishing the most reliable viscosity models of mixtures. Deviations from empirical values as high as 
50% or even 100% are not unusual in predicting the viscosity of liquid oils. Therefore, there is an increasing demand of 
accurate models for pure viscosities, particularly under high-pressure conditions. (Aiguo, et al., 2006).  
Although for lighter alkane components viscosity correlations exist, (Vogel, et al., 2000; Hendl, et al., 1994; Vogel, et 
al., 1998) for heavier components this is not the case. The relative percentage of hydrocarbon molecules that appear in crude oil 
varies from oil to oil. On average, cycloalkanes or naphthenes make up the highest portion (49%) compared to paraffins or 
alkanes (30%), aromatics (15%) and asphaltics (6%) (Hyne, 2001). In view of this, cyclohexane has been chosen for studies 
because it is presumed to be a good representative for these cyclic compounds just as methane is for alkanes and benzene is for 
aromatics. 
A number of methods have been published to suggest ways to estimate viscosity of cyclohexane. However, they are 
generalized correlations which include cyclohexane as one of the components in the predictions. Several disadvantages of this 
approach can be observed. Lee and Thodos, (1988) only used cyclohexane data sets by Jonas, et al., (1980) which have been 
eliminated in these studies following critical assessment. Since many components are incorporated, generalized equation by 
Riazi, et al., (2005) requires five input parameters which are refractive index, density at 20
0
C, molecular weight, critical 
temperature and pressure. One parameter correlation by Mehrotra, (1991) suffers from an average deviation between 5 and 
15% for most hydrocarbons considered. 
To the best of our knowledge, there is no viscosity correlation specifically for cyclohexane over the entire 
thermodynamic states in the open literature. Thus, it is the objective of the present paper to produce accurate, consistent, and  
theoretically  sound representations of cyclohexane by making  use  of  the  best  available experimental  data,  selected  on  the  
basis  of a  critical  analysis  of the  methods of measurement as well as the extent of agreement among the data considered. 
 
Methodology 
The dependence of a viscosity can always be written as the sum of three contributions (Millat, et al., 2005)  
 𝜂(𝜌, 𝑇) = 𝜂0(𝑇) + ∆𝜂(𝜌, 𝑇) + ∆𝜂𝑐(𝜌, 𝑇) = ?̅?(𝜌, 𝑇) + ∆𝜂𝑐(𝜌, 𝑇) (1) 
where 𝜂0(𝑇) is the viscosity in the zero density or dilute gas limit, ∆𝜂(𝜌, 𝑇) is the excess or residual viscosity that accounts for 
the increase in viscosity at elevated density over 𝜂0 at the same temperature, and the ∆𝜂𝑐(𝜌, 𝑇) is the critical enhancement 
which represents viscosity increase in the immediate vicinity of the vapor-liquid critical point. The resulting quantity of the 
Imperial College 
London 
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first two terms is called background viscosity, ?̅?(𝜌, 𝑇). Throughout this work, the viscosity, 𝜂, density, 𝜌, and temperature, 𝑇  
have the units of µPa.s, mol/L and Kelvin respectively. 
The excess viscosity term, ∆𝜂(𝜌, 𝑇) is further decomposed as linear-in-density term, 𝜂1(𝑇)𝜌 and higher density terms 
∆ℎ𝜂(𝜌, 𝑇) (Vogel, et al., 1998). Due to absence of reliable viscosity measurements carried out in the region around the critical 
point, only the background contributions will be considered. Viscosity of pure fluid diverges at the critical point due to the long 
range fluctuations and can be described by a theoretical crossover model. The critical enhancement in viscosity is small 
compared to that in thermal conductivity and become relevant only at temperatures and densities close to the critical point 
(𝜌𝑐 = 3.24
𝑚𝑜𝑙
𝐿
, 𝑇𝑐 = 553.8 𝐾, 𝑃𝑐 = 4.08 𝑀𝑃𝑎).The scarcity of the critical data stems from the experimental difficulties to 
measure viscosities very close to the critical point. Thus, it has been decided that the correlation is developed without 
considering the critical enhancement of the viscosity which results in 
 𝜂(𝜌, 𝑇) = 𝜂0(𝑇) + 𝜂1(𝑇)𝜌 + ∆ℎ𝜂(𝜌, 𝑇) (2) 
The fitting may generally be carried out to the entire body of selected data at once or to the data in different 
thermodynamic regions, such as the dilute-gas limit and the higher density contribution independently. In these studies, the 
latter approach has been adopted considering an advantage that more theoretical guidance can be employed in the choice of 
appropriate functional forms of each term in hand. 
In principle, developing an accurate correlation demands a selection of primary viscosity data, namely data obtained 
in high-precision instruments for which a full working equation is available and necessary corrections can be applied. Such 
data should be characterized by a low defined uncertainty and a proven compatibility with data obtained from other methods or 
at least in other instruments (Hellmann, et al., 2011). Among the instruments used for the measurements, only oscillating-disk, 
capillary-flow, and vibrating-wire viscometers fulfil the requirements, so that primary data can be obtained (Vogel, et al., 
2000). However, some of the results measured with these instruments have to be excluded for different reasons. On the other 
hand, other data that agree well with these instruments such as those measured using torsionally vibrating crystal, rotational 
and falling body are also included. The primary data sets are employed in the development of the representative equation while 
the secondary data are for comparison and validation only.  
A critical review of the literature revealed 49 data sets comprising 996 data points. All available experimental data, to 
the extent of our knowledge are summarized in Table B- 1 which encompasses method of measurements, temperature and 
pressure ranges as well as phase of the fluid. Normally viscosities are measured at specific temperature and pressure (Hendl, et 
al., 1994). As indicated in Eq.(2), it is necessary to evaluate density from these two variables for the purpose of analysis. For 
the case where densities are not reported in the literature sources as can be identified in the last column of the table, the latest 
REFPROP program version 9 (Lemmon, 2010) and Eq. (C-18) via second virial coefficient have been used to compute density.  
 
Viscosity in the Zero Density Limit 
Several data sets which are all in gaseous state are available at low pressure as listed in Table B- 1. Here, it is important to 
differentiate the viscosities in the true limit of zero density from those reported at low pressure, such as 0.1 MPa. However, the 
viscosity in the zero density limit is not a directly experimentally accessible quantity (Vogel, et al., 2000; Vogel, 1995). 
Extraction of zero-density values from the available empirical data near low-density region through the extrapolation of the 
results of measurements is thus necessary. The values can be deduced by fitting the linear equation  
 𝜂 = 𝜂0 + 𝜂1𝜌 (3) 
to the points of each isotherm as demonstrated by Vogel, et al., (1988) for cyclohexane and Vogel, (1995) for propane where 
the zero-density value is the intercept of viscosity against density plot. As a result of this, the present state of our knowledge 
reveals that viscosities provided by Vogel, et al., (1998) seem to be the only data for zero density viscosities for cyclohexane. 
Other gaseous data sets at low pressure are thefore not appropriate to be classified as zero density viscosities.  
Furthermore, the choice of Vogel’s as the only primary data is based on the several solid justifications. Hellmann, et 
al., (2011) used Vogel’s data because an excellent agreement between ab-initio molecular calculation and the data of Vogel 
was obtained where the viscosity of hydrogen sulfide were reproduced within 0.1% over the entire temperature range of the 
experiments. Measurements of sulfur hexafluoride from Vogel and collaborators were also considered as primary data by 
Quinones-Cisneros, et al., (2012) with uncertainty ranging from 0.1% to 0.3%. Schley, et al., (2004) used Vogel’s data for pure 
components of nitrogen, propane, n-pentane, n-hexane and n-heptane in the prediction of natural gas viscosities. 
Theoretical knowledge of gas transport property has led to the estimation of the viscosity using two general methods 
namely intermolecular Lennard-Jones (LJ) potential model and Rostock’s universal correlation. By means of LJ model which 
approximates the interaction between a pair of neutral atoms or molecules, higher order approximations have been considered 
for more accurate viscosity prediction. Chapman-Cowling method and Kihara approximation are two schemes considered for 
higher order approximation. In principle, latter scheme leads to somewhat simpler formulae, which to an order of 
approximation are more accurate than the corresponding Chapman-Cowling expressions (Maitland, et al., 1981). Due to this, 
LJ method using second order Kihara estimation has been applied in addition to the universal correlation which was developed 
by Bich et al, (1987) for noble gases. 
Fitting these primary data to the LJ potential model, Eq.(C- 1) and to the Rostock’s universal correlation, E.q(C-8) 
failed to reproduce the data well within their claim accuracy as discussed later. Therefore, empirical approach has been 
adopted. Modified from Vogel correlation, Eq.(C-10), Eq.(4) is used to fit the zero density viscosities. 
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 𝜂0(𝑇) = 𝑒𝑥𝑝 [𝐴𝑙𝑛(𝑇
∗) +
𝐵
𝑇∗
+
𝐶
(𝑇∗)2
+ 𝐷] (4) 
Instead of  𝑇𝑟 = 𝑇/𝑇𝑐, this equation uses reduced temperature, 𝑇
∗ 
 𝑇∗ = 𝑇/(𝜀/𝑘) (5) 
where 𝜀/𝑘, well depth is an energy scaling parameter in Kelvin, which were empirically determined by Bich and Vogel, 
(1991). Using the step-wise nonlinear least-squares (nls) technique in R statistical software (R Development Core Team, 2012), 
fitted parameters from A to D are shown in Table 1. 
Table 1: Parameters for Eqs (4). and (5) 
A 0.77318 
B -0.46506 
C 0.19159 
D 2.19612 
𝜺/𝒌 289.4 K 
 
Figure 1 demonstates the deviation of the only primary data, by Vogel, et al., (1988) from the zero-density correlation. The 
deviation is insignificantly small (within ±0.03%) and free of any systematic trend compared to that using the LJ potential 
model (within1%) which shows wrong temperature dependence of viscosity. The same is true for the universal correlation as 
compared in the figure. Until more zero density data of low uncertainty become available, it is not possible to improve any 
correlation in this region. 
 
Figure 1: Deviation of primary data of Vogel, et al., (1988) from individual empirical correlation, Eq.(4) with the temperature 
range from 323.15- 623.15 K. Deviation = 𝟏𝟎𝟎(𝜼𝒆𝒙𝒑 − 𝜼𝒄𝒂𝒍)/𝜼𝒄𝒂𝒍. 
 
Initial Density Dependence of Viscosity 
Subsequent to the derivation of the viscosity model in the limit of zero density, 𝜂
0
, it is customary to express initial density 
coefficient, 𝜂1 in terms of second viscosity virial coefficient, 𝐵𝜂  by means of the definition (Millat, et al., 2005) 
 𝜂1(𝑇)   = 𝐵𝜂(𝑇)𝜂0(𝑇) (6) 
with 𝜂1 having the units of μPa. s. L/mol and 𝐵𝜂 in L/mol. 
In general, two methods can be applied to describe 𝐵𝜂(𝑇); The most up-to-date theory, proposed by Friend & 
Rainwater, models the moderately dense gas as a mixture of monomers and dimers which interact according to the LJ (12-6) 
potential and a less rigorous approach which involves a modification of the Enskog hard-sphere theory for real gases. The first 
density correction is best predicted by the former and for the purpose of comparison with experimental data, reduced second 
viscosity virial coefficient, 𝐵𝜂
∗(𝑇) is introduced  
 𝐵𝜂(𝑇) = 𝐵𝜂
∗(𝑇)𝑁𝐴𝜎
3 (7) 
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𝑁𝐴 being the Avogadro constant (mol
-1
) and 𝜎(nm) the LJ distance parameter, obtained from Bich and Vogel, (1991). 𝐵𝜂
∗ can 
be approximated using the correlation 
 𝐵𝜂
∗(𝑇∗) = ∑ 𝑎𝑖(√𝑇∗)
−𝑖
𝑛
𝑖=0
 (8) 
where the coefficients 𝑎𝑖 are given in Table 2 and reduced temperature, 𝑇
∗  is given by Eq. (5). For the sake of accuration, all 
the values in this table obtained from Millat, et.al, (2005) need to be adopted in order to obtain Eq. (8). 
Table 2: Coefficients for Eqs.(7)  and (8) 
i 𝒂𝒊 
0 -0.17999496 x 10
1
 
1  0.46692621 x 10
2
 
2 -0.53460794 x 10
3
 
3  0.33604074 x 10
4
 
4 -0.13019164 x 10
5
 
5  0.33414230 x 10
5
 
6 -0.58711743 x 10
5
 
7  0.71426686 x 10
5
 
8 -0.59834012 x 10
5
 
9  0.33652741 x 10
5
 
10 -0.12027350 x 10
5
 
11  0.24348205 x 10
4
 
12 -0.20807957 x 10
3
 
𝑵𝑨 6.02214129 x 23 mol
-1
 
𝝈 0.6267 nm 
 
The initial density viscosity (𝜂0 + 𝜂1𝜌) is calculated using the previously obtained correlations and the deviation of low 
pressure gaseous data from this relationship is shown in Figure 2 and Figure 3. 
 
 
Figure 2: Deviation of primary data from the initial density 
dependence correlation, (𝜼𝟎 + 𝜼𝟏𝝆). Deviation =
𝟏𝟎𝟎(𝜼𝒆𝒙𝒑 − 𝜼𝒄𝒂𝒍)/𝜼𝒄𝒂𝒍. 
 
Figure 3: Deviation of secondary data from the initial 
density dependence correlation (𝜼𝟎 + 𝜼𝟏𝝆). Deviation 
= 𝟏𝟎𝟎(𝜼𝒆𝒙𝒑 − 𝜼𝒄𝒂𝒍)/𝜼𝒄𝒂𝒍 
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Figure 2 shows the deviation of primary data which are those from Vogel, et al., (1988), Scholz and  Kley, (1981) and 
Vargaftik, (1972). These authors show lower deviation, within ±3.2% compared to secondary data in Figure 3 which are within 
±3.7%. On the other hand, Figure 2 helps to justify that plenty of Vogel’s data associated with the initial density dependence 
enabled the zero-density viscosity to be determined. It also shows other authors disagree with Vogel’s by more than their 
experimental accuracy. Furthermore, as depicted in the Figure 2, with increasing density only Vogel’s show a smooth and 
gradual increase in the deviation as theoretically predicted since the higher the density, the more significant the residual 
viscosity term become. 
Higher Density Contributions 
Very little theoretical guidance for the functional form of ∆ℎ𝜂(𝜌, 𝑇) is available. One methodological trend is to represent the 
higher density terms of excess viscosity by a power series expansion in the density and in the reciprocal reduced temperature 
(Vogel, et al., 1998, Hendl, et al., 1994) which results in 
 ∆ℎ𝜂(𝜌, 𝑇) = ∑ ∑
𝑒𝑖𝑗
 
𝑇
∗𝑗
𝜌𝑖
𝑚
𝑗=0
𝑛
𝑖=2
 (9) 
where the reduced temperature is again from Eq.(5) and the units of the coefficients 𝑒𝑖𝑗 are (L. mol
−1)i.  
Following a detailed review of the available data in the literature based upon the experimental methods and the degree 
of consistency among each other, Table 3 gives a summary of all the selected primary data considered in the higher density 
subcorrelation.  
Table 3: Primary experimental data for the excess viscosity 
References Method
a
 T (K) P (MPa) Phase
b
 No. of points 
Vogel, et al., 1988 OD 298.70-632.20 0.10 G 97 
Scholz and Kley, 1981 U
c
 308.15-579.55 0.10 G 16 
Vargaftik, 1972 U
c
 273.15-873.15 0.10 G 12 
Dubey and Kumar, 2010 C 298.15 0.10 L 1 
Roy, et al., 2009 C 298.15 0.10 L 1 
Silva, et al., 2009 R 283.15-323.15 0.10 L 5 
Ghael, et al., 2009 C 303.15 0.10 L 1 
Gardas and Oswal, 2008 C 303.15 0.10 L 1 
Fang, et al., 2008 C 288.15-308.15 0.10 L 5 
Yang, et al., 2007 C 303.15-333.15 0.10 L 4 
Biswas and Singha, 2007 C 298.15 0.10 L 1 
Iloukhani and Rezaei-Sameti, 
2005 
C 298.15 0.10 L 1 
Oswal, et al., 2004 C 303.15-313.15 0.10 L 2 
George and Sastry, 2003 C 298.15-308.15 0.10 L 2 
Gascon, et al., 2000 C 298.15-313.15 0.10 L 2 
Padua, et al., 1996 VW 298.15-348.14 0.10-38.00 L 25 
de Lorenzi, et al., 1994 C 298.15 0.10 L 1 
Matsuo and Makita, 1993 C 298.15-313.5 0.10-47.85 L 18 
Tanaka, et al., 1991 TVC 298.15 – 348.15 0.10-100.00 L 26 
Knapstad, et al., 1991 O 288.69-333.85 0.10 L 13 
Grachev, et al., 1989 C 279.85-673.15 0.10-60.00 L,G 248
d
 
Kashiwagi and Makita, 1982 TVC 298.15-348.15 0.10-110.42 L 51 
Dymond and Young, 1981 C 283.15-393.20 0.10 L 8 
Isdale, et al., 1979 FB 298.15-348.15 0.10-100.00 L 4 
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a
(OD) Oscillating disk, (U) Unkown, (C) Capillary, (R) Rotational,  (VW) Vibrating-wire, (TVC) Torsionally 
vibrating crystal, (O) Oscillation, (FB) Falling body 
b
(L) Liquid, (G) Gas      
c
Unknown method of measurement due to no access to the original source 
d
After removal of three isotherms as shown in Figure 7 
 
With all the data sets equally weighted, the linear model (lm) regression has been used to determine these parameters 
by fitting the right hand side of Eq.(9) to the value of ∆ℎ𝜂(𝜌, 𝑇) which is previously determined via Eq.(2) for each datum 
through subtraction of 𝜂0(𝑇) and 𝜂1(𝑇)𝜌 terms according to the their respective correlations from the reported experimental 
value, 𝜂(𝜌, 𝑇). To acquire the best correlation of the chosen primary data, the polynomial in Eq.(9) had to be restricted to n=11 
and m=4, so the parameters 𝑒𝑖𝑗 remain statistically significant and the resulting optimal coefficients are tabulated in Table 4. 
Table 4: Fitting coefficients for the representation of the excess viscosity in Eq. (9) (n=11 and m=4) 
j e2j e3j e4j e5j e6j e7j e8j e9j e10j e11j 
0 4.7x10
2
 -6.7x10
3
 4.0x10
3
 -1.1x10
3
 1.7x10
2
 -1.8x10
1
 1.3x10
0
 -6.6x10
-2
 3.0x10
-3
 -9.0x10
-5
 
1 -1.1x10
6
 1.5x10
7
 -8.8x10
6
 2.2x10
6
 -3.1x10
5
 2.8x10
4
 -1.4x10
3
 2.9x10
1
 2.2x10
-1
 0 
2 9.3x10
8
 -1.3x10
10
 7.2x10
9
 -1.6x10
9
 2.1x10
8
 -1.7x10
7
 8.0x10
5
 -1.8x10
4
 0 0 
3 -3.4x10
11
 5.1x10
12
 -2.6x10
12
 5.3x10
11
 -5.7x10
10
 3.4x10
9
 -1.0x10
8
 0 7.1x10
4
 0 
4 4.7x10
13
 -7.3x10
14
 3.5x10
14
 -6.3x10
13
 5.2x10
12
 -1.7x10
11
 0 6.6x10
7
 0 0 
 
Figure 4 shows the deviation of five liquid data sets at higher pressure with a close agreement of ±2.1%. These data cover the 
temperature from 298.15 to 348.15 K and from 1 to 110.42 MPa. Another fifteen primary data all at atmospheric pressure are 
shown in Figure 5 with a slight increase in deviation from -2.7 to 2.2% extending the temperature range down to 283.15 and up 
to 393.20 K. 
 
 
Figure 4: Deviation from Eq. (9) of five primary data sets 
ranging from 298.15 to 348.15 K and from 1 to 110.42 
MPa. The legend indicates first authors’ last names. 
Deviation = 𝟏𝟎𝟎(∆𝒉𝜼
𝒆𝒙𝒑 − ∆𝒉𝜼
𝒄𝒂𝒍)/𝜼𝒆𝒙𝒑. 
 
Figure 5: Deviation from Eq. (9) of fifteen primary data 
sets at atmospheric pressure with temperature range of 
283.15 to 393.20 K. The legend indicates first authors’ last 
names. Deviation = 𝟏𝟎𝟎(∆𝒉𝜼
𝒆𝒙𝒑 − ∆𝒉𝜼
𝒄𝒂𝒍)/𝜼𝒆𝒙𝒑. 
 
Developing Viscosity Correlation of Cyclohexane                                                                                                                                                     7 
It is not inappropriate to ignore outliers when considering primary data to be used in the correlation. In fact, it is not 
necessary to promote entire data sets to primacy or to demote entire sets to a secondary status. (Millat, et al., 2005)  This is the 
case for data set by Grachev, et al., (1989) who contributes the largest data points as portrayed in Figure 6. At the expense of 
increased percentage deviation of up to -3.6%, the inclusion of these data extends the temperature further down to 279.85 and 
up to 673.15 K without pressure extension. Nevertheless, data along three isotherms (554.65, 558.15, and 573.15 K) have to be 
omitted from the fit because of high deviations which might have been attributed to experimental difficulties in the 
neighbourhood of the critical point as presented in Figure 7. This figure also shows a few other normal isotherms for the 
purpose of comparison with these problematic isothermal data. Large inaccuracies in the estimation of density by REFPROP 
program for the supercritical isotherms close to the critical temperature also add weight to the removal of these data. 
 
 
Figure 6: Deviation of primary data set by Grachev, et al., (1989) from Eq. (9) with temperature range of 279.85 to 673.15 K 
and pressure range up to 60 MPa. Deviation = 𝟏𝟎𝟎(∆𝒉𝜼
𝒆𝒙𝒑 − ∆𝒉𝜼
𝒄𝒂𝒍)/𝜼𝒆𝒙𝒑. 
 
Figure 7: Several Grachev’s isotherms near critical temperature (553.8 K). The legend indicates temperatures in Kelvin. 
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Several other authors reporting high pressure data such as Berstad, (1989) and Hernandez-Galvan, et al., (2009) failed 
to be considered part of the primaries owing to significant effects on the percentage deviation of up to 6% and 9% respectively. 
Attempts to further extend the correlation beyond the current pressure to 210 MPa by incorporating data by Jonas, et al., (1980) 
indicated similar behavior with the deviation of up to 12%. These findings demonstate that all of these data cannot be 
reconciled with the requirements for primary data and thus relegated to a secondary status.  
In the interest of brevity, comparisons have been made according to pressure. Figure 8 shows all the secondaries at 
atmospheric pressure. For all data sets, it can be observed that the deviations amount to nearly ±9% which are fairly constant 
along the density range. Unlike low pressure, high pressure deviations are much significant as illustrated in Figure 9. Most of 
these data agree within ±12% with the exception of two authors. Clearly, data set by Guseinov, et al., (1973) shows a 
systematic trend at high and low density leading to an overestimation of about 30%. On the contrary, Belinskii’s data have  
large negative deviations from the subcorrelation, Eq. (9) as displayed in the figure. 
 
Figure 8: Deviation of secondary data from Eq.(9) for atmospheric pressure. The legend indicates first authors’ last names. 
Deviation = 𝟏𝟎𝟎(∆𝒉𝜼
𝒆𝒙𝒑 − ∆𝒉𝜼
𝒄𝒂𝒍)/𝜼𝒆𝒙𝒑. 
 
Figure 9: Deviation of secondary data from Eq.(9) for high pressure. The legend indicates first authors’ last names. Deviation 
= 𝟏𝟎𝟎(∆𝒉𝜼
𝒆𝒙𝒑 − ∆𝒉𝜼
𝒄𝒂𝒍)/𝜼𝒆𝒙𝒑. 
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The Overall Representation 
The final model of the viscosity of cyclohexane is given by Eq. (2). The zero-density term, 𝜂0 is calculated by Eqs. (4) and (5) 
with the parameters in Table 1. The initial density dependence, 𝜂1 is given by Eq. (6) to (8) as well as (5) with the coefficients 
in Table 2. Eq. (9) is used to compute the higher density contributions ∆ℎ𝜂 with the coefficients tabulated in Table 4. 
The overall representation has been validated with all the primary data sets used to generate the correlation by 
calculating the discrepancies between experimental results and calculated values for each datum through absolute average 
deviation (AAD) which is defined as 
where ND is number of data points. From here, the maximum absolute deviation (MAD) is deduced and the results are 
tabulated in Table 5. The performance of the representation has also been tested using the secondary data which were not 
utilized in the fitting. The deviations of the data are given in Table 6. It can be verified that AAD for primary data are better 
than 1.5% and MAD nowhere greater than 3.6%. The absolute deviations of the secondary data which are used for comparison 
only, are higher with AAD up to 27% and MAD 35%. Thus, this helps to justify the reason of secondary data exemption from 
the present correlation. 
 
Table 5: AAD and MAD for primary data set 
References 
AAD 
(%) 
MAD 
(%) 
Biswas and Singha, 2007 0.6 0.6 
de Lorenzi, et al., 1994 0.01 0.01 
Dubey and Kumar, 2010 1.4 1.4 
Dymond and Young, 1981 0.7 2.2 
Fang, et al., 2008 1.0 1.3 
Gardas and Oswal, 2008 0.1 0.1 
Gascon, et al., 2000 0.3 0.4 
George and Sastry, 2003 1.0 1.2 
Ghael, et al., 2009 0.2 0.2 
Grachev, et al., 1989 0.7 3.6 
Iloukhani and Rezaei-Sameti, 2005 0.3 0.3 
Kashiwagi and Makita, 1982 0.7 1.8 
Knapstad, et al., 1991 0.3 0.7 
Matsuo and Makita, 1993 0.9 2.1 
Oswal, et al., 2004 1.0 2.0 
Padua, et al., 1996 1.0 2.1 
Roy, et al., 2009 0.3 0.3 
Silva, et al., 2009 1.1 1.6 
Tanaka, et al., 1991 0.7 1.9 
Yang, et al., 2007 1.5 2.7 
Isdale, et al., 1979 1.0 2.0 
Scholz and Kley, 1981 1.5 3.0 
Vargaftik, 1972 1.4 2.3 
Vogel, et al., 1988-initial density 0.4 1.5 
Vogel, et al., 1988-zero density 0.01 0.04 
Table 6: AAD and MAD for secondary data set 
References 
AAD 
(%) 
MAD 
(%) 
Aminabhavi and Banerjee, 1998 8.0 8.8 
Awwad and Abu-Daabes, 2008 1.4 2.5 
Belinskii and Khodzhaev, 1965 27.2 34.6 
Berstad, 1989 2.4 5.7 
Collings and Mclaughlin, 1971 3.8 7.6 
Gomez-Diaz, et al., 2001 3.2 4.9 
Gonzalez, et al., 2007 0.5 0.6 
Guseinov, et al., 1973 9.0 31.2 
Hernandez-Galvan, et al., 2009 3.1 8.8 
Ishihara, et al., 1974 2.4 3.7 
Jonas, et al., 1980 4.6 11.6 
Ma, et al., 2004 3.1 9.9 
Rajagopal, et al., 2009 4.7 11.9 
Rathnam, et al., 2010 2.5 3.8 
Reddy, et al., 2007 3.1 3.1 
Rodriguez, et al., 2003 0.5 0.8 
Singh, et al., 2005 2.5 5.3 
Strumpf, et al., 1974 2.3 2.7 
Guseinov, et al., 1973 2.5 3.1 
Zhdanov and Lyusternik, 1972 1.7 3.3 
Craven and Lambert, 1951 0.5 1.1 
Titani, 1933 1.7 2.0 
Nasini, 1929 2.1 3.4 
Lowry and Nasini, 1929 1.4 1.4 
 
 𝐴𝐴𝐷 = 100𝑥
1
𝑁𝐷
∑
|𝜂𝑖
𝑐𝑎𝑙 − 𝜂𝑖
𝑒𝑥𝑝|
𝜂𝑖
𝑒𝑥𝑝
𝑁𝐷
𝑖=1
 (10) 
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Conclusion and Recommendations 
The correlation of dynamic viscosity of cyclohexane has been developed following a critical analysis of the best available 
experimental data. Except for viscosity in the zero-density limit which adopts empirical approach, the formulation is guided by 
theoretical considerations for the initial density dependence and to a certain degree for the high density terms. It extends from 
323 to 623 K in the limit of zero density, 273 to 873 K for the initial density in the vapour region and 280 to 673 K up to 110 
MPa at the higher density region in the liquid phase. However, owing to the absence of experimental viscosity near the critical 
point, the expected enhancement in the viscosity could not be taken into account. The overall representation is characterized by 
a reproducibility of better than 3.6% which for many engineering purposes will prove adequate.The correlation reproduces the 
primary experimental viscosities well with an average absolute deviation (AAD) of better than 2%.. 
This paper not only enriches the understanding of the viscosity behavior of cyclohexane but also provides some 
guidance for relevant and extensive studies to come. Thus, several recommendations are put forward in order to enhance future 
work in this area. Arising from this study, there is a strong need for accurate measurements of viscosity of cyclohexane in order 
to extend the ranges in the experimental material especially those along  the  saturation  line and  in  the immediate  vicinity  of  
the  critical  point. The extent of applicability of the present representation would be improved if more measurements are 
performed in these regions in future, particularly using absolute instruments. To minimize uncertainties, the density should also 
be considered in the experiments since in situ measurement is preferred to REFPROP or other estimation method. Last but not 
least, it is also important to take into account the purity of the compound used by the different authors, in particular those that 
contribute to the primary data sets which are utilized in developing a theoretically sound and practically applicable viscosity 
correlation of cyclohexane. 
 
Nomenclature 
 
Symbol  Definition Unit 
𝑩𝜼 = Second viscosity virial coefficient  L/mol 
𝑩𝜼
∗  = Reduced second viscosity virial coefficient - 
𝒆𝒊𝒋 = Coefficients in Eq. (9) (L. mol−1)i. 
𝜺/𝒌 = Well depth K 
𝜼𝟎 = Zero-density viscosity μPa. s 
𝜼𝟏 = Initial density coefficient  μPa. s. L/mol 
𝜼 = Viscosity μPa. s 
?̅? = Background viscosity μPa. s 
𝜼𝒊
𝒄𝒂𝒍 = Calculated viscosity μPa. s 
𝜼𝒊
𝒆𝒙𝒑
 = Experimental viscosity μPa. s 
∆𝜼 = Excess or residual viscosity μPa. s 
∆𝜼𝒄 = Critical enhancement μPa. s 
∆𝒉𝜼 = Higher density contribution μPa. s 
∆𝒉𝜼
𝒄𝒂𝒍 = Calculated higher density contribution μPa. s 
∆𝒉𝜼
𝒆𝒙𝒑 = Experimental higher density contribution μPa. s 
𝑵𝑨 = Avogadro's number mol
−1
 
𝑵𝑫 = Number of data points - 
𝝈 = Collision diameter nm 
𝑻 = Temperature K 
𝑻𝒄 = Critical temperature K 
𝑻𝒓 = Reduced temperature, 𝑇/𝑇𝑐 - 
𝑻∗ = Reduced temperature - 
𝝆 = Density mol/L 
P = Pressure MPa 
𝑷𝒄 = Critical pressure MPa 
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Appendices  
Appendix A  
Critical Literature Review 
1)  
Title: The Initial Density Dependence of the Viscosity of Organic Vapours: Cyclohexane and 
Neopentane 
Authors: Vogel, E.; Holdt, B.; Strehlow, T. 
Journal : Physica 148A, page 46. 
Year: 1988 
Contribution  
- Provides largest quantity of much sought after data of cyclohexana vapor together with density. 
- Gives the values of zero-density viscosity at eleven isotherms. 
Objective of the paper  
- Compare the experimental results with the theoretical predictions 
Methodology used 
- Measurement of vapor viscosity was done using two all-quartz oscillating-disk viscometers with 
small gaps. 
- Linear extrapolation to deduce  zero-density and initial density viscosity and subsequently the 
second viscosity virial coefficients which are both positive and negative, representing normal 
behavior for all substances 
Conclusion 
- Plotting viscosity versus density is a satisfactory method to give zero density viscosities as well as 
its corresponding initial density values 
- Rainwater-Friend theory is in very close agreement with their experimental data instead of fully or 
simplified modified Enskog theories. 
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2)  
Title: Transport Properties of a Moderately Dense Gas 
Authors: Friend, D.G.; Rainwater, J.C. 
Journal: Chemical Physics Letter, Volume 107, number 6, page 590 
Year: 1984 
Contribution  
- Provides a method to calculate second viscosity virial coefficient from collisional contribution of 
two monomers, three monomers as well as monomer and dimer. 
Objective of the paper  
- presents the results of microscopically-based theory for the initial density dependence of viscosity 
in a Lennard-Jones model gas and compare the results with the experimental data 
Methodology used 
- Method to calculate second viscsosity virial coefficient follows Kuznetsov et al, (1979), Curtiss et 
al (1965 and 1969), and Stogryn and Hirschfelder (1959 and 1960) for the monomer-monomer, 
three-monomer and monomer-dimer collision respectively. 
 
Conclusion 
- The paper gives an insight of how the initial density dependence of viscosity is calculated 
according to a microscopically-based theory and compares the theoretical work with empirical 
observation. 
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3)  
Title: The Initial Density Dependence of Transport Properties: Noble Gases 
Authors: Bich, E.; Vogel, E. 
Journal: International Journal of Thermophysics, Volume 12, number 1, page 27 
Year: 1991 
Contribution  
- Gives the values of Lennard-Jones 12-6 potential parameters (collision diameter, σ and well depth, 
ɛ) for  cyclohexane 
- Provides optimized values of potential parameter ratios (δ=1.04 and θ=1.25) in order to improve 
the agreement between theoretical curve and the experimental data. 
Objective of the paper  
- Presents improved representation of the monomer-dimer contribution to the second viscosity virial 
coefficient of the Rainwater-Friend theory. 
Methodology used 
- the treatment of monomer-dimer contribution is carried out according to the theory of Stogryn and 
Hirschfelder (1959)  
 
Conclusion 
- The usual procedure that viscosities at atmospheric pressure are identified with values in the limit 
of zero density cannot be accepted for all reduced temperatures, T*. 
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4)  
Title: Empirical Equations to Calculate 16 of the Transport Collision Integrals 𝛺(𝑙,𝑠)
∗
 for the Lennard-
Jones (12-6) Potential 
Authors: Neufeld, P.D; Janzen, A.R.; Aziz, R.A. 
Journal: The Journal of Chemical Physics, volume 57, number 3, page 1100 
Year: 1972 
Contribution  
- Provides the equation for estimation of reduced collision integral as a function of reduced 
temperature which is used to calculate zero-density viscosity 
 
Objective of the paper  
- presents the empirical equations to calculate viscosity collision integral 
Methodology used 
- the equation is determined empirically while 12 parameters in the equation are computed on the 
computer by means of a least squares optimization 
 
Conclusion 
- The equation provided are more accurate than those of Hirschfelder, Curtiss and Bird, 1954 which 
were frequently used. 
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5)  
Title: Reference Correlation of the Viscosity of Propane 
Authors: Vogel, E.; Kuchenmeister, C.; Bich, E. 
Journal: Journal of Physical and Chemical Reference Data, volume 27, number 5, page 947 
Year: 1998 
Contribution  
- Provide method of correlation of propane using zero density correlation, initial density 
dependence and excess viscosity which can also be adopted for cyclohexane 
 
Objective of the paper  
- Develop viscosity correlation of propane using the available experimental data from 37 original 
viscosity studies. 
Methodology used 
- Zero-density correlation is developed based on kinetic theory of dilute gases and initial density 
dependence is based on Rainwater-Friend theory. 
- The higher density contributions of the residual viscosity are formed by a combination of double 
polynomials in density and reciprocal temperature 
 
Conclusion 
- The method of correlation can also be adopted for cyclohexane where critical enhancement 
contribution has been ignored due to lack of reliable data in the critical point region. 
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6)  
Title: High precision viscosity measurements on methane 
Authors: Vogel, E.; Wilhelm, J.; Kuchenmeister,C. 
Journal: High Temperatures High Pressures, volume 32, page 73 
Year: 2000 
Contribution  
- Provides methodology for the viscosity correlation of methane 
- Gives examples of high precision viscosity measuring instruments which fulfill the requirements 
of primary data. They are oscillating-disk, capillary flow and vibrating wire. 
 
Objective of the paper  
- Report the new viscosity measurement of methane and thus develop a representation of methane  
Methodology used 
- The viscosity in the limit of zero density is represented by kinetic theory of monoatomic gases, 
initial density dependence correlation is deduced from corresponding states representation and 
higher density terms is modeled with a combination of double polynomials in reduced density and 
in reduced reciprocal temperature and of a modified Batschinski-Hildebrand term with a 
temperature dependent reduced closed-packed density. 
 
Conclusion 
- Measurements of methane viscosity have been carried out with high precision and this adds 
weight to having Vogel’s data as one of the primaries in this study.  
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7)  
Title: The Transport Properties Of Ethane, I. Viscosity 
Authors: Hendl, S.; Millat, J.; Vogel, E.; Vesovic, V.; Wakeham, W.A.; Luettmer-Strathmann,J.; 
Senger, J.V.; Assael, M.J 
Journal: International Journal of Thermophysics, volume 15, page 1 
Year: 1994 
Contribution  
- Provides new viscosity correlation of ethane which is quite similar to this work 
- Shows that excess viscosity can be decomposed as initial density dependence and higher density 
contribution which can be separately modeled. 
 
Objective of the paper  
- To present new model for ethane viscosity based on critically assessed experimental data 
Methodology used 
- Correlation for zero-density limit is based on kinetic theory of dilute gas and excess viscosity is 
represented by power series expansion in the density 
- the paper also include critical contribution which is guided by crossover model 
Conclusion 
- The paper provide a principle of methodology for viscosity correlation of ethane which is quite 
similar to that of cyclohexane 
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8)  
Title: Correlation for the viscosity of sulfur hexafluoride from the triple point to 1000 K and pressures 
to 50 MPa 
Authors: Quinones-Cisneros, S.; Huber, M.L.; Deiters, U.K. 
Journal: Journal of Physical and Chemical Reference Data, volume 41, page 023102-1 
Year: 2012 
Contribution  
- Gives the guidance for the functional form of empirical model to model viscosity in the zero-
density limit 
- Provides statistical formula to calculate average absolute deviation, AAD 
 
Objective of the paper  
- To present new correlation for the viscosity surface of sulphur hexafluoride developed based on 
generalized friction theory (GFT) 
Methodology used 
- Correlation uses a reference quality equation of state (EoS) of Guder and Wagner 
Conclusion 
- The paper provides the useful form of empirical correlation in modeling zero density correlation. 
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9)  
Title: Generalized Viscosity Behavior of Fluids over the Complete Gaseous and Liquid States 
Authors: Lee, H.; Thodos, G. 
Journal: Industrial & Engineering Chemistry, volume 27, page 2377 
Year: 1988 
Contribution  
- Not much except the generalized correlation of both polar and nonpolar fluid including 
cyclohexane as one of the components considered and as the literature source of cyclohexane data 
set. 
Objective of the paper  
- To present generalized model of viscosity of 101 substances from dilute gas to highly compressed 
liquid. 
Methodology used 
- The correlation uses volume expansion factor which is found to be the key parameter for 
predicting the generalized viscosity behavior. 
- The model also uses global variable, g which requires the triple point constants of the pure 
components. 
Conclusion 
- The paper discuss the generalized correlation method for 101 components including cyclohexane. 
The method however suffers several disadvantages especially higher average absolute deviation in 
order to consider all the compounds. 
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10)  
Title: Generalized correlation for the viscosity of hydrocarbons based on corresponding states 
principles and molar refraction 
Authors: Riazi, M.R.; Mahdi, K.A.; Alqallaf 
Journal: , volume 27, page 2377 
Year: 2005 
Contribution  
- Not much except the method of generalized viscosity correlation of hydrocarbon fluids including 
cyclohexane 
Objective of the paper  
- To present the model for dense hydrocarbon fluids using molar refraction as the third parameter 
for the generalized correlation of transport properties. 
Methodology used 
- The method requires five input parameters which are refractive index, density at 200C, molecular 
weight, critical temperature and pressure. 
Conclusion 
- The paper focuses on generalized viscosity model for hydrocarbon fluids including cyclohexane 
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Table A- 1: Milestones in developing viscosity correlation of Cyclohexane 
References Year Title Authors Contribution 
The Journal of 
Chemical 
Physics 
1972 
Empirical Equations to 
Calculate 16 of the 
Transport Collision 
Integrals for the Lennard-
Jones (12-6) Potential 
Neufeld, P.D; 
Janzen, A.R.; 
Aziz, R.A. 
Provides the equation for 
estimation of reduced 
collision integral as a 
function of reduced 
temperature which is used to 
calculate zero-density 
viscosity 
Oxford 
University Press 
(Book) 
1981 
Intermolecular Forces - 
Their Origin and 
Determination 
Maitland, G.C.; 
Rigby, M.; Smith, 
E.B.; Wakeham, 
W.A. 
Gives the method to 
calculate viscosity via 
second order Kihara 
approximation 
Physica 148A 1988 
The Initial Density 
Dependence of the 
Viscosity of Organic 
Vapours: Cyclohexane and 
Neopentane 
Vogel, E.; Holdt, 
B.; Strehlow, T. 
Gives the values of zero-
density viscosity at eleven 
isotherms. 
Industrial & 
Engineering 
Chemistry 
Research 
1988 
Generalized Viscosity 
Behavior of Fluids over the 
Complete Gaseous and 
Liquid States 
Lee, H., Thodos, 
G. 
Develops generalized 
correlation of viscosity of 
both nonpolar and polar 
fluids (including 
cyclohexane) over the entire 
temperature and pressure 
ranges. 
International 
Journal of 
Thermophysics 
1991 
The Initial Density 
Dependence of Transport 
Properties: Noble Gases 
Bich, E.; Vogel, 
E. 
Gives the values of 
Lennard-Jones 12-6 
potential parameters 
(collision diameter, σ and 
well depth, ɛ/k) for  
cyclohexane 
Industrial & 
Engineering 
Chemistry 
Research 
1991 
Generalized One-
Parameter Viscosity 
Equation for Light and 
Medium Liquid 
Hydrocarbons 
Mehrotra, A.K 
Provides generalized one-
parameter viscosity equation 
for liquid hydrocarbons 
(including cyclohexane) 
International 
Journal of 
Thermophysics 
1994 
The Transport Properties of 
Ethane. I. Viscosity 
Hendl, S.; Millat, 
J.; Vogel, E., 
Vesovic, V.; 
Wakeham, W.A.; 
Luettmer-
Strathmann, J.; 
Sengers, J.V.; 
Assael, M.J. 
Provides viscosity 
correlation of ethane over a 
wide range of pressure and 
temperature 
Journal of 
Physical and 
Chemical 
Reference Data 
1998 
Reference Correlation of 
the Viscosity of Propane 
Vogel, E.; 
Kuchenmeister, 
C.; Bich, E. 
Provides method of 
correlation of propane using 
zero density correlation, 
initial density dependence 
and excess viscosity which 
can also be adopted for 
cyclohexane 
Journal of 
Physical and 
Chemical 
Reference Data 
1998 
The Viscosity of Carbon 
Dioxide 
Fenghour, A.; 
Wakeham, W.A; 
Vesovic,V. 
Develops Correlation of 
viscosity of carbon dioxide 
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References Year Title Authors Contribution 
High 
Temperatures 
High Pressures 
2000 
High precision viscosity 
measurements on methane 
Vogel, E.; 
Wilhelm, J.; 
Kuchenmeister,C. 
Gives examples of high 
precision viscosity 
measuring instruments 
which fulfil the 
requirements of primary 
data. 
McGraw-Hill 
(Book) 
2004 
The Properties of Gases 
and Liquids 
Poling, B.E., 
Prausnitz, J.M., 
O’Connell J.P. 
Reviews method of 
viscosity for gas and liquid 
as well as molecular theory 
Cambridge 
University Press 
(Book) 
2005 
Transport properties of 
Fluids 
Millat, J; 
Dymond, J.H.; 
Nieto de Castro, 
C.A. 
Provides an insight into 
theoretical background of 
correlation techniques for 
transport properties 
especially viscosity 
Journal of 
Chemical & 
Engineering 
Data 
2005 
Generalized correlation for 
the viscosity of 
hydrocarbon based on 
corresponding states 
principles and molar 
refraction 
Riazi. M.R., 
Mahdi, K.A., 
Alqallaf, M. 
A generalized correlation in 
terms of reduced molar 
refraction is proposed for 
the calculation of viscosity 
of dense hydrocarbon fluids 
(including cyclohexane) 
Chinese Journal 
of Chemical 
Engineering 
2006 
Correlation of Viscosities 
for Alkane, Aromatic and 
Alcohol Family at High 
Pressure by Modified Tait 
Equation 
Aiguo, X., 
Yuanxin, W., 
Changjun, P., 
Peisheng, M., 
Cunwen, W., 
Liangjun, Z. 
A model for the dynamic 
viscosity of pure liquid 
(including cyclohexane) at 
high pressures is developed. 
Industrial & 
Engineering 
Chemistry 
Research 
2009 
Expanded fluid-based 
viscosity correlation for 
hydrocarbons 
Yarranton, H.W., 
Satyro, M.A. 
Viscosity correlation is 
provided for 39 pure 
hydrocarbons (including 
cylcohexane) as well as 
binary mixtures. 
Science China 
Physics 
Mechanics and 
Astronomy 
2010 
Modified Eyring viscosity 
equation and calculation of 
activation energy based on 
the liquid quasi-lattice 
model 
GuangZe H., 
ZengKe F., 
MingDong. C., 
Modified Eyring viscosity 
equation is proposed for 
polar and nonpolar 
compounds (including 
cyclohexane) at 25
0
C. 
Journal of 
Physical and 
Chemical 
Reference Data 
2012 
Correlation for the 
viscosity of sulfur 
hexafluoride from the triple 
point to 1000 K and 
pressures to 50 MPa 
Quinones-
Cisneros, S.; 
Huber, M.L.; 
Deiters, U.K. 
Gives the guidance for the 
functional form of empirical 
model to model viscosity in 
the zero-density limit 
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Appendix B 
Table B- 1: List of all the available data from measurements of cyclohexane viscosity 
References 
Method
 
of 
measurement 
T (K) 
P 
(MPa) 
Phase
a
 
No.of 
points 
Additional
b
 
Information 
(Vogel, et al., 
1988) 
All-quartz 
oscillating-
disk 
323.15-
623.15 
0.10 ZD 11 - 
(Vogel, et al., 
1988) 
All-quartz 
oscillating-
disk 
298.70-
632.20 
0.10 G 97 -` 
(Scholz & Kley, 
1981) 
Unkown 
308.15-
579.55 
0.10 G 16 N,B 
(Guseinov, et al., 
1973) 
Capillary 
398.15- 
523.15 
0.10-
2.19 
G 6 N,B 
(Vargaftik, 1972) Unkown 
273.15-
873.15 
0.10 G 12 N,B 
(Zhdanov & 
Lyusternik, 1972) 
Unkown 
347.75-
661.85 
0.05-
0.10 
G 15 N,B 
(Craven & 
Lambert, 1951) 
Decrement 
(pendulum 
swinging) 
308.15-
350.95  
0.003 G 4 B 
(Titani, 1933) 
Capillary 
(principle of 
Trautz and 
Weizel) 
394.85-
579.55 
0.10 G 7 B 
(Nasini, 1929) Capillary 
319.15-
477.95 
0.01- 
0.10 
G 16 B 
(Lowry & Nasini, 
1929) 
Unknown 377.15 0.10 G 1 B 
(Rathnam, et al., 
2010) 
Capillary 
(Ubbelohde) 
303.15-
313.15 
0.10 L 3 - 
(Dubey & Kumar, 
2010) 
Capillary 
(Ubbelohde 
suspended-
level) 
298.15 0.10 L 1 - 
(Rajagopal, et al., 
2009) 
VISCOlab 
PVT 
highpressure 
298.15-
413.15 
0.10-
62.05 
L 82 R 
(Roy, et al., 2009) 
Capillary 
(suspended 
Ubbelohde-
type) 
298.15 0.10 L 1 - 
(Silva, et al., 2009) 
Rotational 
(Stabinger 
SVM 
3000/G2). 
283.15-
323.15 
0.10 L 5 - 
(Ghael, et al., 
2009) 
Capillary 
(modifiedsusp
ended-level 
Ubbelohde) 
303.15 0.10 
L 
1 - 
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References 
Method
 
of 
measurement 
T (K) 
P 
(MPa) 
Phase
a
 
No.of 
points 
Additional
b
 
Information 
(Hernandez-
Galvan, et al., 
2009) 
Rolling-ball 
313.20 -
393.20 
0.69-
60.00 
L 40 R 
(Awwad & Abu-
Daabes, 2008) 
Automatic 
viscosity 
measurementu
nit (Schott-
Gerate type 
AVS 300) 
298.15-
323.15 
0.10 L 4 - 
(Gardas & Oswal, 
2008) 
Capillary 
(modified 
suspended-
level 
Ubbelohde) 
303.15 0.10 L 1 - 
(Fang, et al., 2008) 
Capillary 
(Ubbelohde) 
288.15-
308.15 
0.10 L 5 - 
(Reddy, et al., 
2007) 
Capillary 
(suspended 
Ubbelohde-
type) 
303.15 0.10 L 1 - 
(Yang, et al., 
2007) 
Capillary 
(Ubbelohde) 
303.15-
333.15 
0.10 L 4 - 
(Gonzalez, et al., 
2007) 
Gravity fall 
293.15-
303.15 
0.10 L 3 - 
(Biswas & Singha, 
2007) 
Capillary 
(Ostwald) 
298.15 0.10 L 1 - 
(Singh, et al., 
2005) 
Capillary 
(modified 
Ubbelohde) 
298.15-
308.15 
0.10 L 3 - 
(Iloukhani & 
Rezaei-Sameti, 
2005) 
Capillary 
(Ubbleohde) 
298.15 0.10 L 1 - 
(Oswal, et al., 
2004) 
Capillary 
(modified 
suspended 
level 
Ubbelohde) 
303.15-
313.15 
0.10 L 2 - 
(Ma, et al., 2004) Vibrating wire 
323.15-
413.15 
0.10-
6.10 
L 16 - 
(George & Sastry, 
2003) 
Capillary 
(Ubbelohde 
suspended-
level) 
298.15-
308.15 
0.10 L 2 - 
(Rodriguez, et al., 
2003) 
Rolling ball 
(AMV 200 
Anton Paar) 
293.15-
313.15 
0.10 L 4 R 
(Gomez-Diaz, et 
al., 2001) 
Capillary 
(Shott-Gera¨ te 
AVS 350 
Ubbelohde) 
298.15-
323.15 
0.10 L 6 - 
(Gascon, et al., 
2000) 
Capillary 
(Ubbelohde) 
298.15-
313.15 
0.10 L 2 - 
(Aminabhavi & 
Banerjee, 1998) 
Capillary 
(Schott-Gerate 
AVS 350.) 
298.15-
308.15 
0.10 
L 
3 - 
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References 
Method
 
of 
measurement 
T (K) 
P 
(MPa) 
Phase
a
 
No.of 
points 
Additional
b
 
Information 
(Padua, et al., 
1996) 
Vibrating-wire 
298.15-
348.14 
0.10-
38.00 
L 25 - 
(de Lorenzi, et al., 
1994) 
(Capillary) 
Ubbelohde 
suspended-
level 
298.15 0.10 L 1 - 
(Matsuo & Makita, 
1993) 
Capillary 298.15-313.5 
0.10-
47.85 
L 18 R 
(Tanaka, et al., 
1991) 
Torsionally 
vibrating 
crystal 
298.15 – 
348.15 
0.10-
100.00 
L 26 - 
(Knapstad, et al., 
1991) 
Oscillation 
288.69-
333.85 
0.10 L 13 - 
(Grachev, et al., 
1989) 
Capillary 
279.85-
673.15 
0.10-
60.00 
L,G 279 N,R 
(Berstad, 1989) 
Modified 
Knapstad-
Berstad-
viscometer 
294.82-
441.20 
0.97- 
40.13 
L 32 - 
(Kashiwagi & 
Makita, 1982) 
Torsionally 
vibrating 
crystal 
298.15-
348.15 
0.10-
110.42 
L 51 - 
(Dymond & 
Young, 1981) 
Capillary 
(suspended-
level) 
283.15-
393.20 
0.10 L 8 - 
(Jonas, et al., 
1980) 
Rolling ball 
313.00-
383.00 
0.10-
210.00 
L 25 - 
(Isdale, et al., 
1979) 
Falling-body 
298.15-
348.15 
0.10-
100.00 
L 4 - 
(Strumpf, et al., 
1974) 
Torsionally 
oscillating 
quartz cylinder 
288.55-
322.95 
0.10 L 8 R 
(Ishihara, et al., 
1974) 
Unknown 313.15 
0.10 -
58.84 
L 7 N,R 
(Guseinov, et al., 
1973) 
Capillary tube 
290.65-
523.15 
0.10- 
49.15 
L,G 101 N,R 
(Collings & 
Mclaughlin, 1971) 
Torsionally 
vibrating 
quartz crystal 
303.15-
323.15 
0.10-
78.45 
L 17 R 
(Belinskii & 
Khodzhaev, 1965) 
Unknown 303.15 
0.10- 
39.23 
L 5 N,R 
a
(ZD) zero density; (G) Gas; (L) Liquid 
b
(N) No access to original paper;(R) density from REFPROP program ; (B) density from Dymond’s 
recommended second virial coefficients 
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Appendix C 
 
1) Lennard-Jones (12-6) potential equation to model zero density viscosity via second-order Kihara approximation 
 [𝜂]2
𝐾 = [𝜂]1[𝑓]𝜂
𝐾(2)
 (C- 1) 
where 
 [𝜂]1 =
5
16
(
𝑚𝑘𝑇
𝜋
)
1
2 1
𝜎2𝛺𝑖𝑗
(2,2)∗(𝑇∗)
 (C-2) 
 𝑚 =
𝑀
𝑁𝐴
 (C-3) 
 𝑘 =
𝑅
𝑁𝐴
 (C-4) 
 [𝑓]𝜂
𝐾(2)
= 1 +
3
49
[4𝐸∗ −
7
2
]
2
 (C-5) 
 𝐸𝑖𝑗
∗ =
𝛺𝑖𝑗
(2,3)∗
𝛺𝑖𝑗
(2,2)∗
 (C-6) 
 𝛺(𝑙,𝑠)
∗
= (
𝐴
𝑇∗𝐵
) [
𝐶
exp(𝐷𝑇∗)
] + [
𝐸
exp(𝐹𝑇∗)
] + [
𝐺
exp(𝐻𝑇∗)
] + 𝑅𝑇∗𝐵 sin(𝑆𝑇∗𝑊 − 𝑃) (C-7) 
The coefficients of reduced collision integral in Eq.(C-7) have been empirically determined by (Neufeld, et al., 
1972) and are tabulated in Table C- 2. 
 
2) Rostock’s Universal correlation by Bich et al, (1987) 
 𝜂(𝑚) = 0.026696
(𝑀𝑇)
1
2
𝜎2𝛺𝜂(𝑇∗, 𝑎𝑖)
 (C-8) 
 𝛺𝜂(𝑇
∗, 𝑎𝑖) = exp[𝑎0 + 𝑎1(𝑙𝑛𝑇
∗) + 𝑎2(𝑙𝑛𝑇
∗)2 + 𝑎3(𝑙𝑛𝑇
∗)3 + 𝑎4(𝑙𝑛𝑇
∗)4] (C-9) 
  
Table C- 1: Coefficients for 1<T*<35 in Eq. (C-9) 
i 𝒂𝒊 
0 0.4425728 
1 -0.5138403 
2 0.1547566 
3 -0.02821844 
4 0.001578286 
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Table C- 2: Coefficients for collision integral by Neufeld et al, 1972 
(l,s) A B C D E F G H Rx10
4
 S W P 
(1,1) 1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411 - - - - 
(1,2) 1.00220 0.15530 0.16105 0.72751 0.86125 2.06848 1.95162 4.84492 - - - - 
(1,3) 0.96573 0.15611 0.44067 1.52420 2.38981 5.08063 - - -5.37300 19.28660 -1.30775 6.58711 
(1,4) 0.93447 0.15578 0.39478 1.85761 2.45988 6.15727 - - 4.24600 12.98800 -1.36399 3.33290 
(1,5) 0.90972 0.15565 0.35967 2.18528 2.45169 7.17936 - - -3.81400 9.38191 0.14025 9.93802 
(1,6) 0.88928 0.15562 0.33305 2.51303 2.36298 8.11690 - - -4.64900 9.86928 0.12851 9.82414 
(1,7) 0.87208 0.15568 0.36583 3.01399 2.70659 9.92310 - - -4.90200 10.22740 0.12306 9.97712 
(2,2) 1.16145 0.14874 0.52487 0.77320 2.16178 2.43787 - - -6.43500 18.03230 -0.76830 7.27371 
(2,3) 1.11521 0.14796 0.44844 0.99548 2.30009 3.06031 - - 4.56500 38.58680 -0.69403 2.56375 
(2,4) 1.08228 0.14807 0.47128 1.31596 2.42738 3.90018 - - -5.62300 3.08449 0.28271 3.22871 
(2,5) 1.05581 0.14822 0.51203 1.67007 2.57317 4.85939 - - -7.12000 4.71210 0.21730 4.73530 
(2,6) 1.03358 0.14834 0.53928 2.01942 2.72350 5.84817 - - -8.57600 7.66012 0.15493 7.60110 
(3,3) 1.05567 0.14980 0.30887 0.86437 1.35766 2.44123 1.29030 5.55734 2.33900 57.77570 -1.08980 6.94750 
(3,4) 1.02621 0.15050 0.55381 1.40070 2.06176 4.26234 - - 5.22700 11.33310 -0.82090 3.87185 
(3,5) 0.99958 0.15029 0.50441 1.64304 2.06947 4.87712 - - -5.18400 3.45031 0.26821 3.73348 
(4,4) 1.12007 0.14578 0.53347 1.11986 2.28803 3.27567 - - 7.42700 21.04800 -0.28759 6.69149 
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3) Modification from Vogel Equation 
Eq. (C-10) below is modified to produce Eq. (4) used in zero-density fitting.  
 𝜂 = 𝑆𝑒𝑥𝑝 (𝑎𝑙𝑛(𝑇𝑟) +
𝑏
𝑇𝑟
+
𝑐
𝑇𝑟
2 + 𝑑) 
(C-10) 
 
where 𝑎, 𝑏, 𝑐, 𝑑 are constants, 𝑆 is 10 µPa.s and 
𝑇𝑟 =
𝑇
298.15
=
𝑇
ε/k
𝑥
ε/k
298.15
= 𝑇∗
ε/k
298.15
= 𝑇∗𝛽 
 
where 𝛽 is a constant value of 
ε/k
298.15
 for cyclohexane. Rewriting   
𝜂 = 𝑒𝑥𝑝(𝑙𝑛 S) 𝑒𝑥𝑝 [𝑎𝑙𝑛(𝑇∗𝛽) +
𝑏
𝑇∗𝛽
+
𝑐
(𝑇∗𝛽)2
+ 𝑑] 
= 𝑒𝑥𝑝 [𝑙𝑛 𝑆 + 𝑎𝑙𝑛(𝑇∗𝛽) +
𝑏
𝑇∗𝛽
+
𝑐
(𝑇∗)2𝛽2
+ 𝑑] 
= 𝑒𝑥𝑝 [𝑙𝑛 𝑆 + 𝑎𝑙𝑛(𝑇∗) + 𝑎𝑙𝑛𝛽 +
𝑏
𝑇∗𝛽
+
𝑐
(𝑇∗)2𝛽2
+ 𝑑] 
= 𝑒𝑥𝑝 [(𝑙𝑛 𝑆 + 𝑎𝑙𝑛𝛽 + 𝑑) + 𝑎𝑙𝑛(𝑇∗) +
𝑏
𝑇∗𝛽
+
𝑐
(𝑇∗)2𝛽2
] 
= 𝑒𝑥𝑝 [(𝐷) + 𝑎𝑙𝑛(𝑇∗) +
𝑏
𝛽
𝑇∗
+
𝑐
𝛽2
(𝑇∗)2
] 
 
By letting𝑎 = 𝐴, 𝑏/𝛽 = 𝐵, 𝑐/𝛽2 = 𝐶 and (ln 𝑆 + 𝑎𝑙𝑛𝛽 + 𝑑) = 𝐷 
 
𝜂 = 𝑒𝑥𝑝 [𝐴𝑙𝑛(𝑇∗) +
𝐵
𝑇∗
+
𝐶
(𝑇∗)2
+ 𝐷] 
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4) Method of Chung, (Poling, et al., 2001); for estimation of low pressure gas viscosity 
 𝜂 = 40.785
𝐹𝑐(𝑀𝑇)
1
2
𝑉𝑐
2
3𝛺𝑖𝑗
(2,2)∗(𝑇∗)
 (C-11) 
where 𝛺𝑖𝑗
(2,2)∗(𝑇∗) is from Eq.(C-7)without sine term, 𝑇∗ = 1.2593𝑇𝑟 and 𝑇𝑟 = 𝑇/𝑇𝑐 
 𝐹𝑐 = 1 − 0.2756𝜔 + 0.059035𝜇𝑟
4 + 𝜅 (C-12) 
𝜅 is a special correction for highly polar substance. For cyclohexane, it is negligible. 
 𝜔 =
ln (
𝑃𝑐
1.01325) + 𝑓
(0)(𝑇𝑏𝑟)
𝑓(1)(𝑇𝑏𝑟)
 (C-13) 
where 𝑃𝑐is in bars while 𝑇𝑏and 𝑇𝑐 are both absolute temperatures. The functions of 𝑓
(0)and 𝑓(1) are as follows. 
 𝑓(0) =
−5.97616𝜏 + 1.29874𝜏1.5 − 0.60394𝜏2.5 − 1.06841𝜏5
𝑇𝑏𝑟
 (C-14) 
 𝑓(1) =
−5.03365𝜏 + 1.11505𝜏1.5 − 5.41217𝜏2.5 − 7.46628𝜏5
𝑇𝑏𝑟
 (C-15) 
and 𝜏 = (1 − 𝑇𝑏𝑟). When 𝑉𝑐 is in cm
3
/mole and 𝜇 is in debyes, 
 𝜇𝑟 = 131.3
𝜇
(𝑉𝑐𝑇𝑐)
1
2
 (C-16) 
 
Figure C- 1: Deviation of low pressure gas viscosity from Chung’s method. The legend indicates the first author’s 
last names. 
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5) Recommended second virial coefficients; to estimate density of gases 
For ideal gas, 
𝑃𝑉
𝑛𝑅𝑇
= 𝑧 = 1 
For imperfect gas, 
 𝑃𝑉
𝑛𝑅𝑇
= 𝑧 + 𝐵𝜌 (C-17) 
 
where B is second virial coefficient which are recommended by (Dymond & Smith, 1980) as follows 
Table C- 3: Recommended second virial coefficients for cyclohexane 
Temperature, T 
(Kelvin) 
Second virial coefficients, 
B (cm
3
/mol) 
300 -1700 
310 -1525 
320 -1390 
330 -1280 
340 -1175 
350 -1080 
360 -1000 
380 -880 
400 -790 
440 -640 
480 -540 
520 -440 
560 -370 
 
Since 
𝑉
𝑛
= 𝜌, Eq.(C-17) can be rewritten as 
𝑃
𝜌𝑅𝑇
= 𝑧 + 𝐵𝜌 
𝑃
𝑅𝑇
= (𝑧 + 𝐵𝜌)𝜌 
 𝐵𝜌2 + 𝑧𝜌 −
𝑃
𝑅𝑇
= 0 (C-18) 
 
which can be solved quadratically for density, 
𝜌 =
−𝑧 ± √𝑧2 − 4𝐵 (−
𝑃
𝑅𝑇)
2𝐵
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6) List of other nomenclature 
 
Table C- 4: List of other nomenclature 
Symbol  Definition Unit 
[𝜼]𝟐
𝑲 = Second order Kihara approximation of viscosity Pa. s 
[𝜼]𝟏 = First order approximation of viscosity Pa. s 
[𝒇]𝜼
𝑲(𝟐)
 = Factor defined by Eq. (C-5) - 
𝑭𝒄 = Factor defined by Eq. (C-12) - 
𝑴 = Molecular weight g/mol 
𝒎 = Molecular mass kg 
𝑹 = gas constant J K−1 mol−1 
𝑬∗ = Ratio of reduced collision integral defined by Eq. (C-6) - 
𝑻𝒃 = atmospheric boiling temperature K 
𝑻𝒃𝒓 = Reduced atmospheric boiling temperature - 
𝑽𝒄 = Critical volume cm
3
/mol 
𝜴(𝒍,𝒔)
∗
 = Reduced collision integral - 
𝝎 = Acentric factor - 
𝝁 = Dipole moment debyes 
𝝁𝒓 = Dimensionless dipole moment - 
𝜿 = Polar correction factor - 
𝑷𝒄 = Critical pressure bar 
𝒇(𝟎), 𝒇(𝟏) = Functions in Eqs. (C-14)and (C-15) - 
𝝉 = 1 − 𝑇𝑏𝑟 - 
k = Boltzmann constant J K-1 
V = Volume cm
3
 
n = Mol mol 
z = Compressibility factor - 
 
 
 
 
 
 
 
 
 
 
 
 
